The aim of the present study was to assess, for the first time to our knowledge, Listeria monocytogenes CFU changes, as well as to determine the transcription of key virulence genes, namely, sigB, prfA, hly, plcA, plcB, inlA, inlB, inlC, inlJ, inlP, and lmo2672 after in vitro exposure to human gastric and duodenal aspirates. Furthermore, investigations of the potential correlation between CFU changes and gene regulation with factors influencing gastric (proton pump inhibitor intake and presence of gastric atrophy) and duodenal pH were the secondary study aims. Gastric and duodenal fluids that were collected from 25 individuals undergoing upper gastrointestinal endoscopy were inoculated with L. monocytogenes serotype 4b strain LQC 15257 at 9 log CFUÁmL À1 and incubated at 378C for 100 min and 2 h, respectively, with the time corresponding to the actual exposure time to gastric and duodenal fluids in the human gastrointestinal tract. Sampling was performed upon gastric fluid inoculation, after incubation of the inoculated gastric fluids, upon pathogen resuspension in duodenal fluids and after incubation of the inoculated duodenal fluids. L. monocytogenes CFU changes were assessed by colony counting, as well as reverse transcription quantitative PCR by using inlB as a target. Gene transcription was assessed by reverse transcription quantitative PCR. In 56% of the cases, reduction of the pathogen CFU occurred immediately after exposure to gastric aspirate. Upregulation of hly and inlC was observed in 52 and 58% of the cases, respectively. On the contrary, no upregulation or downregulation was noticed regarding sigB, prfA, plcA, plcB, inlA, inlB, inlJ, inlP, and lmo2672. In addition, sigB and plcA transcription was positively and negatively associated, respectively, with an increase of the pH value, and inlA transcription was negatively associated with the presence of gastric atrophy. Finally, a positive correlation between the transcriptomic responses of plcB, inlA, inlB, inlC, inlJ, inlP, and lmo2672 was detected. This study revealed that the CFU of the pathogen was negatively affected after exposure to human gastroduodenal aspirates, as well as significant correlations between the characteristics of the aspirates with the virulence potential of the pathogen.
Listeria monocytogenes is a gram-positive intracellular pathogen that has been implicated as a causative agent of serious epidemic and sporadic foodborne illnesses in humans. Listeriosis causes high hospitalization and mortality rates, especially in vulnerable populations and, therefore, is considered as one of the most serious foodborne human diseases under surveillance (21) . In 2014, a total of 2,161 confirmed human cases and 210 deaths due to listeriosis in the European Union were reported, while a significant increasing trend of listeriosis was observed from 2008 to 2014 (21) . Meanwhile, it is estimated that 1,600 people suffer from listeriosis, and about 260 die in the United States each year (11) .
After L. monocytogenes ingestion via contaminated foods, the pathogen must reach the intestinal tract, overcome various stresses, and enter the intestinal epithelium cells of the host (74) . To survive and spread within the host, the pathogen must successfully overcome several barriers, including the gastroduodenal acid environment and small intestine bile salts (45) . In humans, the acid gastroduodenal environment provides a critical barrier against infection, because L. monocytogenes does not survive in such extremely low pH values (66) . Therefore, patients taking medication that reduces gastric acid production (such as proton pump inhibitor [PPI] ) are at increased risk of enteric bacterial infections (5) . Moreover, histopathological changes in the gastrointestinal tract that increase pH values (such as gastric atrophy) amplify patient susceptibility to food infections (69) . In addition to gastroduodenal acid environment, small intestine bile salts exhibit a significant antimicrobial activity through membrane damage and induction of oxidative stress in bacterial cells (6) .
Despite the different barriers encountered in the host, L. monocytogenes tolerates extreme environmental stresses, including those confronted in the gastrointestinal tract, due to various mechanisms that maintain homeostasis (68) . One of these mechanisms includes σ B networks that play a vital role in the general stress response of L. monocytogenes (68) . Also, σ B has been established as a predominant regulator of survival and virulence gene expression in the gastrointestinal tract (71) , while its interactions with PrfA affect L. monocytogenes transmission in the gastrointestinal and systemic stages of infection (53) . PrfA is the master transcriptional activator of L. monocytogenes virulence gene expression, encoded by prfA (46) ; it affects the expression of more than 150 genes involved in cellular homeostasis under stress, as well as virulence. Thus, the factors affecting prfA transcription have been extensively studied, and the complexity of the PrfA regulon has been adequately highlighted (15, 39) . This regulator controls a series of genes physically located in a 9-kb gene cluster, named Listeria pathogenicity island 1, which includes six genes, prfA, plcA, hly, mpl, actA, and plcB, and its expression is required for intracellular parasitism (20) . hly encodes a cholesterol-binding, pore-forming toxin (listeriolysin O) that is essential for the bacterial escape from phagosomes (29) . Listeriolysin O cooperates with two phospholipases C, PlcA and PlcB, for the effective escape from the vacuoles. PlcA is a phosphatidylinositol phospholipase C, and PlcB is a phosphatidylcholine phospholipase C, encoded by plcA and plcB, respectively (25) . mpl encodes a thermolysin-related zinc-metalloprotease involved in the maturation of pro-PlcB (63), and actA encodes a surface protein that is a multifunctional virulence factor, ActA (72) . In addition, a family of leucine-rich repeat proteins, namely, internalins, is necessary for the virulence potential of the pathogen (65) . Of the 25 internalins or internalin-like proteins in L. monocytogenes, only InlA and InlB have been linked to internalization of the pathogen into nonphagocytic cells (9, 65) . The exact function of the remaining internalins remains unclear, even though their significance in the virulence potential of the pathogen has been suggested, at least for some of them, such as InlC and InlJ (contribution during invasion in postintestinal stages of infection) and InlP (contribution to systemic virulence, particularly in the placenta) (10, 22) . Finally, lmo2672 is a transcriptional regulator belonging to the AraC family, presumably involved in acid response (28) .
The behavior of L. monocytogenes after ingestion is usually inferred through studies with simulated gastric fluids (for examples of studies, see references 2-4, 14, 33, 59 and a recent review (18) ). On the contrary, actual gastric and duodenal fluids have never been used, to the best of our knowledge. Thus, the primary aim of the present study was to assess L. monocytogenes CFU changes and to determine the expression of key virulence genes, namely, prfA, hly, plcA, plcB, sigB, inlA, inlC, inlJ, inlP, and lmo2672, after in vitro exposure to human gastric and duodenal aspirates.
Investigations of a potential correlation between pathogen CFU changes and gene regulation with factors influencing gastric (PPI intake and the presence of gastric atrophy) and duodenal pH were the secondary aims.
MATERIALS AND METHODS
Bacterial strain and sample preparation. L. monocytogenes strain LQC 15257, belonging to serotype 4b and previously isolated from a strawberry sample, was used throughout this study. Long-term storage was conducted at À208C in nutrient broth no. 2 (LabM, Lancashire, UK) supplemented with 50% glycerol. Before experimental use, the strain was grown twice in brain heart infusion broth (Biolife, Milan, Italy) at 378C for 24 h.
For this study, gastric and duodenal fluids were collected from 25 individuals undergoing upper gastrointestinal endoscopy for dyspeptic symptom evaluation (Supplemental Table S1 ). All participants provided informed consent before sample aspiration. Exclusion criteria included treatment with antibiotics during the last 3 months, upper gastrointestinal bleeding during the last month, and the inability to provide informed consent. Once the endoscope was forwarded in the second part of the duodenum during the diagnostic procedure, a sterile catheter forwarded through the endoscope's working channel was used to aspirate 2 mL of duodenal aspirate in a sterile container. Subsequently, the endoscope was withdrawn from the stomach, and with another sterile catheter, 15 to 20 mL of gastric fluid was also aspirated into a different container.
The sterile containers were transported directly to the laboratory in an insulated and refrigerated (48C) container and analyzed the same day. More specifically, aspirates were transferred to the laboratory, and pH values were measured under aseptic conditions. Then, the gastric aspirates from each individual enrolled in the study were divided into eight containers of 1.5 mL each. For inoculum preparation, 1.5 mL of overnight culture of the pathogen (9 log CFUÁmL À1 ) was centrifuged (12,000 3 g; 10 min at 48C) and washed twice with sterile saline. The biomass collected was used to inoculate the gastric aspirates at 9 log CFUÁmL À1 . Before inoculation, the temperature of the gastric aspirates was raised to 378C. Following inoculation, gastric fluids were incubated at 378C for 100 min. Then, samples were centrifuged, and the precipitate was resuspended in 0.5 mL of duodenal fluids (and the temperature was already raised to 378C). Following resuspension, samples were incubated at 378C for 2 h. Pathogen handling was performed in the appropriate biosafety level 2 facility. Both incubation times correspond to the actual exposure time to gastric and duodenal fluids in the human gastrointestinal tract (42, 43) .
Microbiological and molecular analyses. Sampling was performed as follows: immediately (i.e., approximately 5 s) after inoculation of the gastric fluids with the pathogen (sampling point 1); after incubation (378C for 100 min) of the inoculated gastric fluids (sampling point 2); immediately (i.e., approximately 5 s) after resuspension of the pathogen in the duodenal fluids (sampling point 3); and after incubation (378C for 2 h) of the inoculated duodenal fluids (sampling point 4).
L. monocytogenes CFU were enumerated in each sampling point as follows: 0.1 mL of each sample was serially diluted with buffered peptone water (LabM), plated on polymyxin-acriflavinelithium chloride-ceftazidime-aesculin-mannitol (PALCAM) agar (LabM), and incubated at 378C for 48 h. The remaining sample was centrifuged (12,000 3 g; 1 min at 378C), the supernatant was discarded, and the biomass was mixed with 200 μL of RNAlater Stabilization Solution (Thermo Fisher Scientific, Waltham, MA).
RNA extraction was performed with the PureLink RNA Mini Kit (Thermo Fisher Scientific), and cDNA synthesis was performed by using the SuperScript First-Strand Synthesis System for RT-PCR (Thermo Fisher Scientific) according to manufacturer instructions. Real-time qPCR was performed by using KAPA SYBR Fast qPCR Master Mix (23) for ABI Prism (Kapa Biosystems, Wilmington, MA) and StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). Primers and PCR conditions are presented in Table 1 . Target genes were sigB, prfA, hly, plcA, plcB, inlA, inlB, inlC, inlJ, inlP, and lmo2672; 16S, IGS, and rpob were evaluated as housekeeping genes (47, 62, 73) ; and rpob showed better stability value and therefore was used for normalization. Two biological replicates were assessed, and two RT reactions were performed for each sample, containing ca. 1 μg of RNA each. L. monocytogenes, grown in brain heart infusion broth in the same conditions (i.e., inoculum level, incubation temperature, and time), was selected as the control for relative expression of the target genes. All gene expression measurements obtained from RT-qPCR were considered comparable because the same reaction conditions were used for the experiment, and the samples contained the same total amount of RNA (19) .
The CFU of the pathogen was also estimated through RT-qPCR. For that purpose, a standard curve was created correlating the CFU of the pathogen (6 to 10 log CFU mL À1 ) with the respective cycle threshold (C T ) value of a gene that was least affected by the experimental conditions used in this study and offers adequate specificity, because the presence of other microorganisms in the gastric and duodenal fluids analyzed could not be excluded. More accurately, 10 mL of overnight L. monocytogenes culture enumerated at 9 log CFU mL À1 was used to obtain the initial CFU (10 log CFU mL À1 ) via centrifuging the cells (12,000 3 g; 10 min at 48C) and resuspending the pellet in 1 mL of sterile saline, while CFU down to 6 log CFU mL À1 was obtained through serial decimal dilutions in sterile saline. Biomass in all dilutions was centrifuged (12,000 3 g; 10 min at 48C) and washed twice with sterile saline, and DNA was extracted according to Cocolin et al. (13) . Analysis of the stability of gene expression revealed that inlB could serve this purpose. Quantitative PCR targeting inlB was performed by using primers and conditions presented in Table 1 , and the standard curve was generated (C T ¼ À3. 26 3 log CFU mL À1 þ 51.71; R 2 ¼ 0.99). Estimation of the pathogen CFU was based on the C T value obtained after RT-qPCR of each sample (25 individuals and four sampling points), and reverse transcription was performed without normalization of the amount of the extracted RNA.
Statistical analysis. The C T values of the target genes sigB, prfA, hly, plcA, plcB, inlA, inlB, inlC, inlJ, inlP, and lmo2672 and reference genes 16S, IGS, and rpob, obtained from RT-qPCR were extracted to Excel (Microsoft Corporation, Redmond, WA) for relative quantification of gene expression and determination of pathogen CFU. Preprocessing of the data was performed according to Hadjilouka et al. (26) , and stability of the reference genes was assessed by using the NormFinder application for Excel (1) . PCR efficiency correction and normalization of the data with the selected reference genes and reference samples (control) were carried out, as well as conversion of the data to relative expression and log 2 values (fold change) for further analysis (37) .
One-way analysis of variance was used to statistically assess the differences between the CFU calculated with classical microbiological approach and RT-qPCR at a level of significance less than 0.05.
A gene was considered as upregulated or downregulated when the log 2 of the fold change (log 2 FC) was significantly (P , 0.05) above 1 or below À1 (i.e., twofold increase or twofold decrease), respectively.
Continuous variables were summarized as medians and interquartile ranges (IQRs), while categorical variables were summarized as counts and corresponding percentages. Given the small number of individuals (n ¼ 25), all comparisons were performed by using nonparametric tests. The correlation between continuous variables (gastric pH, duodenal pH, age, and body mass index) and gene expression (treated as a continuous variable on the log 2 scale) was assessed by the Spearman coefficient. To assess whether gene expression was associated with pH values, gastric atrophy, and PPI intake, we applied univariable generalized estimated equation linear regression models. In these models, one single variable was used for the pH values, equal to the gastric pH values for the first two sampling points, and to the duodenal pH values for the last two sampling points. In all cases, an unstructured correlation matrix was assumed. All analyses were conducted by using Stata 13.1 statistical software (StataCorp, College Station, TX).
RESULTS
Gastroduodenal pH levels and individuals' characteristics. Descriptive characteristics of the 25 individuals enrolled in the study are summarized in Table 2 . The median age of the study population was 65 years, ranging from 39 to 84 years, and 12 of them were women. Their medical history revealed that 17 had received medication and 9 PPIs, while macroscopic findings showed atrophy in 9 of them. Gastric pH values ranged from 1.14 to 7.99, with a median value of 2.30, while duodenal pH values ranged from 1.19 to 8.61, with a median value of 6.80 ( Table 2) .
Gastroduodenal pH levels according to basic characteristics of the individuals are shown in Table 3 . Data indicated that PPI and medication intake resulted in significant differentiation of gastric and duodenal pH, respectively. In particular, PPI intake increased gastric pH from a median of 2.01 to a median of 6.42, although this difference did not reach the nominal statistical significance level (P ¼ 0.089); medication intake significantly diversified duodenal pH from a median of 2.63 to a median of 7.04 (P ¼ 0.044). Gender, atrophy, and indication or occurrence of diabetes mellitus were not found to be significantly associated with pH. Similarly, gastric pH was not correlated to age or body mass index. However, significant correlations between gastric and duodenal pH values (rho ¼ 0.789; P , 0.01) and between duodenal pH and the age of individuals (rho ¼ 0.452; P ¼ 0.023) were found.
L. monocytogenes enumeration. Enumeration of the pathogen was performed immediately after inoculation of the gastric fluids (sampling point 1), after incubation at 378C for 100 min (sampling point 2), immediately after resuspension of the pathogen in the duodenal fluids (sampling point 3), and after incubation at 378C for 2 h (sampling point 4). Enumeration of the pathogen was not conducted for two samples (sampling point 3 for individuals 5 and 6) due to the rather restricted amount of the respective gastric and duodenal fluids aspirated. Therefore, the total amount of the samples analyzed was reduced from 100 (25 individuals and four sampling points) to 98. Growth of the pathogen on PALCAM was not observed in all cases. More specifically, enumeration was possible in only 56 samples (Table S1 ). On the basis of the results obtained, a reduction of the CFU was observed in 14 (56%) individuals, which was evident from sampling point 1. The CFU of the pathogen remained stable in six (24%) individuals. Finally, this culture-dependent approach did not provide any enumeration in five individuals. No statistically significant correlation was obtained between the CFU of the pathogen and the characteristics of the individuals (i.e., pH value, PPI intake, and atrophy). Nevertheless, RNA of the pathogen was isolated from each sample, and gene transcription was observed in every studied case. Therefore, RT-qPCR was conducted subsequently to assess L. monocytogenes CFU. On the basis of gene transcription assessment, inlB was selected as the best gene (stability value ¼ 0.060) for the standard curve creation. With this approach, estimation of the pathogen CFU was possible in 76 samples (i.e., in these samples the CFU ranged between 6 and 9 log CFU mL À1 ). In the remaining samples, the pathogen was below the enumeration limit (6 log CFU mL À1 ) of this approach (Table S2) . On the basis of the results obtained, the CFU of the pathogen was reduced in sampling point 1 in all cases, compared with the amount of the inoculum applied. Then, the CFU was further reduced in 5, remained stable in 11, and increased in 5 individuals. No statistically significant correlation was obtained between the CFU of the pathogen as calculated by RT-qPCR and the characteristics of the individuals (Table  S2 ). Direct comparison of the CFU calculated by the two approaches was possible in 48 samples, revealing that in 45 samples, statistically significant (P , 0.05) differences were evident, in 35 of which the CFU of the pathogen was underestimated by the RT-qPCR approach.
Gene transcription assay. As in the case of the enumeration, gene transcription assessment was not conducted for two samples: sampling point 3 for individuals 5 and 6, due to lack of sufficient amount of available aspirates.
At sampling point 1, sigB, plcA, plcB, inlA, lmo2672, and prfA transcription was not affected in the majority of the individuals; their median gene transcription value ranged from À0.6 (plcA) to 1.0 (lmo2672) log 2 FC (Fig. 1) , and the percentage of the individuals with significant upregulation or downregulation ranged from 0 to 24% (Table 4 ). sigB and inlA presented with significant decreases, while plcA and prfA with significant increases in their median gene transcription levels at sampling points 2 and 3 and no significant changes at sampling point 4, compared with sampling point 1 (Table 5 ). However, for these four genes and across all sampling points, significant upregulation or downregulation was observed in less than 36% of the individuals, with an exception of plcA at sampling point 2, where the percentage of the individuals with significant upregulation was 60% (Table 4) .
Regarding plcB and lmo2672, their median gene transcription levels were also significantly increased at sampling points 2 and 3 compared with sampling point 1 ( Table 5) , with significant upregulation at these sampling points in more than 56% of the individuals (Table 4 ). At sampling point 1, the median inlB transcription level was 2.0 log 2 FC ( Fig. 1 ) with significant upregulation in six (24%) individuals ( Table 4 ). The median inlB transcription level was significantly decreased at sampling points 2, 3, and 4, compared with sampling point 1 (Table 4 ). However, no significant upregulation or downregulation in most individuals was observed (Table 4) .
hly, inlC, inlJ, and inlP gene transcription exhibited similar patterns; at sampling point 1, the median gene transcription level ranged from 1.5 (inlP) to 2.3 (hly and inlC; Fig. 1 ). The median gene transcription levels were significantly increased at sampling points 2 and 3 and significantly decreased at sampling point 4, compared with sampling point 1, in almost all cases (Table 4 ). Significant upregulation in the majority of the individuals was observed in sampling point 1 for hly and inlC, sampling point 2 for hly, inlC, inlJ, and inlP, and in sampling point 3 for hly, inlC, and inlJ (Table 4 ). Regarding sampling point 4, no significant upregulation or downregulation was observed for the majority of the individuals for inlC, inlJ, and inlP. On the contrary, hly was significantly downregulated in 11 (44%) and upregulated and downregulated in 9 (36%) individuals.
A statistically significant association was detected between the transcription of sigB and plcA with the pH value and the transcription of inlA with gastric atrophy ( Table 5 ). More specifically, an increased pH level by 1 unit was, on average, associated with 0.14 log 2 FC (95% confidence interval [CI]: 0.07, 0.21; P , 0.001) increase and 0.17 log 2 FC (95% CI: À0.27, À0.07; P ¼ 0.001) decrease of sigB and plcA transcription, respectively. The presence of gastric atrophy was associated on average with 0.64 log 2 FC (95% CI: À1.26, À0.02; P ¼ 0.042) and 1.50 log 2 FC (95% CI: À2.41, À0.60; P ¼ 0.001) decrease of inlA. These associations remained even after being adjusted for sampling points in multivariable models.
The correlation between the transcriptomic responses of the genes under study for each sampling point and as a whole was assessed by the Spearman coefficient. A series of statistically significant (P , 0.05) correlations were detected and are presented in Tables S3 through S7. Note that the positive correlation between the transcriptomic responses of plcB, inlA, inlB, inlC, inlJ, inlP, and lmo2672 was evident in all sampling points. Moreover, in the majority of the cases, this correlation can be characterized as strong (rho . 0.6).
DISCUSSION
In this study, we evaluated for the first time, to our knowledge, the influence of lethal environmental stresses on L. monocytogenes growth after exposure to human gastroduodenal fluids. We showed that the exposure of the pathogen to human gastroduodenal fluids decreased its CFU, and this decrease was observed immediately after inoculation into the gastric fluids. Moreover, the failure of the pathogen to grow normally on conventional culture media and form colonies, retaining, however, its viability and virulence gene expression, suggested that the pathogen was in a viable but noculturable state (48, 50) , which has been known as a distinct survival state of bacteria in response to harsh environmental conditions. L. monocytogenes has been described as one of the bacteria that adopt this unique survival strategy (49, 50) . In addition, it appears that pathogens retain their virulence, although it is still not clear whether the pathogenicity of the viable but noculturable state cells is just an impermanent process or an indication of active pathogenic potential (60) . This was also the case in the present study, because L. monocytogenes retained the transcription of its pathogenicity genes, even though it was not able to grow in PALCAM. An additional approach was used to quantify the CFU of the pathogen, namely, RT-qPCR. The target molecule used was inlB cDNA, resulting from the respective mRNA. This selection was based on mRNA being more suitable as a viability indicator than rRNA (30) and obtaining adequate specificity, because the presence of other microorganisms in the a Log 2 values below À1 (twofold decrease) or above 1 (twofold increase) were considered as indicating significant downregulation or upregulation. For two individuals, gastric aspirate quantity did not allow expression assay for the third sampling point. Therefore, gene expression remained unknown for this sampling point in these two individuals. samples assessed could not be excluded. Direct comparison of CFU calculated by colony counting and RT-qPCR revealed statistically significant differences between them. Such differences are frequently reported in the literature; overestimation of a bacterial CFU by RT-qPCR has been mainly attributed to the amplification of transcripts from viable but noculturable state or deceased cells (30, 38, 64, 75) . However, this would only partially explain the results obtained in the present study, in which, in the majority of the cases, an underestimation of the pathogen CFU by RT-qPCR was evident. This could be attributed to the design of the standard curve used for bacterial CFU assessment and more specifically to the use of DNA instead of mRNA, and/ or to the inability of the specific gene to serve this purpose, at least under the specific experimental conditions. Especially regarding the latter, the need for a thorough assessment of the correlation between cell viability and nucleic acid persistence in a particular analytical situation was highlighted by Birch et al. (8) . Such an assessment is necessary before a molecular approach may substitute for colony counting.
Our results indicate that after exposure of L. monocytogenes to gastroduodenal aspirate, the pathogen activated its mechanisms against acid stress, withstood the extreme acidic environment, and maintained its homeostasis, overcoming potential host-associated stress conditions. L. monocytogenes growth pH limits have been reported to be at ca. 4.5 at 15 to 308C (34, 55, 56, 70) , although even lower growth pH values, which were affected by the inoculum size of the pathogen, have been reported (35) . In the present study, L. monocytogenes was exposed to inorganic acid, and this may have contributed to its survival, because L. monocytogenes intracellular pH homeostasis depends on the nature of the acid that the pathogen is exposed to (organic or inorganic) (12) . Organic acids diffuse more freely through the cell membrane than inorganic acids (23, 52, 76) , and the intracellular pH value of L. monocytogenes exposed to acetic acid (organic acid) has been reported to lead into lower pH values than that of hydrochloric acid (inorganic acid) at the same extracellular pH (12, 58) . Furthermore, L. monocytogenes exposure to duodenal fluids showed that bile salts and proteolytic enzymes did not have a significant impact on the CFU levels. These results are in agreement with Dowd et al. (17) who demonstrated that gallbladder bile is generally nontoxic for bacteria and serves as an efficient growth environment for a variety of bacterial species, including L. monocytogenes.
The transcriptional regulation of the Listeria pathogenicity island 1 has been the epicenter of intensive research (for a review, see reference 54). In this study, regulation of prfA, hly, plcA, plcB, sigB, inlA, inlB, inlC, inlJ, inlP, and lmo2672 was assessed after the in vitro exposure of L. monocytogenes to human gastric and duodenal aspirates. An attempt was made to correlate the transcription of the genes with the clinical parameters of the individuals and the gastroduodenal fluids aspirated from them (i.e., pH values, PPI intake, or the presence of gastric atrophy). Every gene exhibited upregulation or downregulation in one or more sampling points. A trend toward upregulation may be suggested for inlC, which was upregulated in all sampling points, and hly, which was upregulated in sampling points 1, 2, and 3. Regarding the remaining genes, upregulation of plcB, inlP, and lmo2672 in sampling points 2 and 3 are definitely worth mentioning. However, statistically significant correlation was achieved only for sigB and plcA with the pH value and inlA with gastric atrophy. σ B is a very important transcription regulator that contributes to L. monocytogenes survival under stress conditions and to its virulence response as well (51) . In combination with PrfA, it affects host cell invasion and pathogen response during gastrointestinal (24) and systemic (10) infection stages. Furthermore, it has been reported that a complex σ B -PrfA network switches from σ B -dependent upregulation of genes during the gastrointestinal infection to σ B -mediated downregulation of PrfA to reduce cell damage caused by intracellular L. monocytogenes (51) . In this study, a 1-unit increase of the pH value was correlated with 0.14 units of log 2 FC increase of sigB relative expression. This is the first time that such a correlation is reported, suggesting that an experimental approach other than the use of ΔsigB strains may be necessary to fully elucidate the sigB role in stress response and, on the other hand, that further study is required to verify this result and identify the respective stimulators. Nevertheless, the existence of σ B -mediated autoregulatory loops (31) should also be considered.
A correlation between pH value and plcA transcription was also established for the first time in the present study. plcA encodes phosphatidylinositol phospholipase C that cooperates with phosphatidylcholine phospholipase C (encoded by plcB) and listeriolysin O (encoded by hly) for effective escape of the pathogen from the phagosomes during the intracellular infection (25, 67) . Transcription of plcA is initiated from the plcA promoter that is prfA dependent and synthesizes a bicistronic plcA-prfA mRNA. Despite that bicistronic message, in the present study, upregulation or downregulation of plcA was observed in 32 samples, while upregulation or downregulation of prfA was found in only 22 of 98 samples. Upregulation of prfA compared with plcA may be explained by the existence of two prfA promoters that are located between plcA and prfA (36) , under the assumption that the promoter sequences of the strains are identical. The opposite (i.e., higher transcript levels of plcA compared with prfA) has also been reported in the literature (61) , indicating the existence of additional regulatory mechanisms. In addition, the autoregulatory loops mediated by PrfA and the concomitant amplificative effect of the respective transcribed message (15) should also be considered.
Regarding hly, upregulation was observed for the majority of the individuals in sampling points 1, 2, and 3, which could not be correlated with the pH value, PPI intake, gastric atrophy, or the expression of any other genes, including prfA. Transcription of hly is initiated from three promoter sites designated as P1hly, P2hly, and P3hly (16) . The former two are PrfA dependent (16) . The results obtained in this study indicate the possible contribution of the third promoter site that is PrfA independent.
Regarding the expression of internalins, inlA and inlB were among the genes with the least affected expression, while inlC and inlP yielded overexpression in most of the cases. Of the mentioned internalins, PrfA regulator partially controls InlA and InlB (40) , whereas overlapping PrfAdependent and independent promoters control inlC transcription (41) . In addition, the transcription level of inlA and inlB is regulated by the σ B regulator (32, 44) . In this study, exposure of the pathogen to gastric and duodenal fluids demonstrated no effect in the transcription of inlA, inlB, sigB, and prfA. However, expression of inlA was positively correlated to the presence of gastric atrophy, indicating that the generally conceded criterion to accept upregulation or down-regulation of a gene (i.e., log 2 FC statistically significant above 1 or below À1, respectively), which was also adopted in the present study, may be insufficient, at least in this case.
This study indicated a strong correlation between the expression of the studied internalins, plcB and lmo2672. This is in accordance to the demonstrated cooperation between various internalins upon the invasion process (7) . However, this is the first time that transcription of internalins is correlated to the transcription of lmo2672 and plcB. lmo2672 is a transcriptional regulator that belongs to the AraC family and may be involved in acid response (28) . The correlation that was revealed may suggest a role of the protein encoded in lmo2672 in the transcription of plcB and the internalins under study.
For the first time, an attempt was made to study the response of the pathogen to the exposure to human gastric and duodenal aspirates. In most of the cases, reduction of the pathogen CFU occurred immediately after exposure to gastric aspirate. In addition, significant association between the transcription of sigB and plcA with the pH value and transcription of inlA with gastric atrophy were observed. Finally, a positive correlation between the transcriptomic responses of plcB, inlA, inlB, inlC, inlJ, inlP, and lmo2672 was detected. It may be concluded that L. monocytogenes virulence gene transcription and possibly pathogenic potential is affected by the gastric and duodenal fluid characteristics, at least in vitro.
